The primo vascular system (PVS) has been observed in various animals such as mice, rats, rabbits, dogs, swine, and cow, but not in humans. In this work, we report on the observation of a human PVS on both the epithelial fascia and inside the blood vessels of the umbilical cord (UC). The main morphological characteristics of the primo vessels (PVs) and primo nodes (PNs) from the human UC were in agreement with those of the PVS in various animal organs, including the thicknesses and the transparency of the PVs, the sizes of the PNs, the broken-line arrangement of the rod-shaped nuclei, the sparse distribution of nuclei, and the presence of hollow lumens in the central inner parts of the PNs. It was rather surprising that the human PV was not thicker than the PVs from small animals. The difference between the PVS and blood/lymph vessels was confirmed using immunofluorescence staining of von Willebrand factor, CD31, LYVE-1, and D2-40. The positive expression of the PVS to proliferating cell nuclear antigen, a cell-proliferation marker, was consistent with the recent finding of very small embryonic-like stem cells in the PVS of mice.
Introduction
The primo vascular system (PVS) was discovered by BongHan Kim [1] who claimed that the PVS existed in all animals from the most primitive animal hydra to humans but he presented data mostly on rabbits, and in some cases frogs. His claims regarding the existence of the PVS were partially confirmed by Fujiwara and Yu [2] in rabbits. Despite these findings, the idea of PVS existence was neglected for a long time until the Biomedical Physics Laboratory at Seoul National University, Seoul, Korea began intensive reinvestigation of the new circulatory system in 2002 [3] . Since then, the presence of PVS inside blood vessels has been confirmed in various animals, such as mice [4] , rats [5e7], rabbits [8] , dogs [9] , swine [10] , and cows [11] . However, until now, to the best of our knowledge, no human data on the PVS have been published.
Observation of the human PVS was difficult because the techniques to detect the PVS in animals were limited only to live tissues of the animals, and therefore, were not applicable to cadavers. One of the rare cases that provide live human tissues is the umbilical cord (UC) of a placenta. In this work, we report on the observation of the PVS in the UC of fresh human placentas. The PVS in humans was found inside the blood vessels of the UCs, which was similar to the finding reported in rats [5, 6] . Fortunately, the simple method of carefully searching for a thread-like primo vessel (PV) in the blood of an isolated blood vessel worked in both rats and humans.
Bong-Han Kim [1] claimed that the PVS in the skin was nothing but the acupuncture meridians, but no one has yet proved the existence of the PVS in the skin of humans or animals. Because the current work shows that the PVS exists in human blood vessels as in mice [4] , rats [5, 6] , rabbits [8] , and swine [10] , his claim on acupuncture meridians seems more likely to be true. Especially, the abundance of mast cells at acupuncture points [12] was demonstratively confirmed using the counts of residential cells in the PVS [13] . Although Kellner [14] and others [15] did not agree with BeH Kim [1] , the current work should prompt reinvestigation of acupuncture points and meridians as independent anatomical structures.
The medical significances of the PVS have already been suggested by the abundance of mast cells, hematopoietic stem cells, and embryonic-like stem cells in the PVS. These data imply the roles of the PVS with respect to immune function and regeneration of damaged tissues. Especially, the finding of the PVS in UCs suggests that it plays roles not only in regeneration but also in generation. In addition, the PVS was observed around cancer tissues and its role as a path for cancer metastasis was reported. Therefore, finding a human PVS is a critical step toward completely new perspectives and understanding on immune function, regeneration medicine and stem cells, and cancer [3] .
Materials and methods
In this study, 15 placentas with UCs from 15 healthy women were obtained immediately after normal parturition. The placentas were put in cold phosphate-buffered saline (PBS) and stored in a refrigerator. The temperature in the refrigerator was maintained at 4 C. The observation and isolation of the PVS specimens were performed within 48 h from obtaining a placenta with the UC. Of the 15 placentas obtained, we were able to perform the PVS experiments successfully only in eight because the rest were used during the initial stages of the study to develop experimental techniques and skills. This study was approved by the Institutional Review Committee at Samsung Medical Center, Seoul, Korea (IRB2010-04-016). Informed consent was obtained from all of the participants.
The Trypan blue staining technique was applied to visualize the PVS, similar to that used in a previous study for the observation of the PVS in bovine hearts [11] . In brief, 0.2e0.4% Trypan blue solution was dropwise added onto the target area and the area was quickly washed with PBS. We then carefully searched for the stained PVS under a stereomicroscope. This procedure was repeated if the PVS was not stained enough. In the case of searching for a PVS inside a blood vessel in the UC, the Trypan blue solution was injected into the vessel using a syringe with a 30-gauge needle. The amount of Trypan blue solution used was 1e2 mL, depending on the size of the blood vessel. Immediately, the same amount of PBS was injected into the blood vessel to wash out the Trypan blue, or the blood vessel was first incised and the dye was washed with PBS while working under a stereomicroscope. Another method was to incise the blood vessel and then to dropwise add Trypan blue and wash with PBS slowly under a stereomicroscope. The PV adhering to blood clots was observed with chromiumehematoxylin stain instead of Trypan blue; the chromiumehematoxylin staining method was the same as that used for detection of the PVS in the venous sinuses of rat brains [7] .
A routine histologic examination of the PVS tissue was performed after hematoxylineeosin (H&E) staining. For morphological observation, neutral phosphate-buffered formalin (NBF)-fixed specimens were dehydrated in a graded ethanol series, clarified in xylene, and embedded in paraffin. Paraffin sections (4 mm) were stained with H&E. The specimens were then mounted with Permount and observed under a light microscope (Eclipse TE2000-U; Nikon, Japan).
The isolated PVS specimens were fixed in 10% NBF (pH 7.4) at 4 C. For immunostaining, the specimens were embedded in optimal cutting temperature and snap frozen in liquid nitrogen. Sections (6 mm) were fixed in ice-cold acetone for 5 min, washed with PBS, and blocked with 5% donkey serum (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 2 h at room temperature. The specimens were incubated with primary antibodies overnight at 4 C, followed by washing and detection with dye-conjugated secondary antibodies. Slides were treated with 4 0 ,6-diamidino-2-phenylindole (DAPI) to counterstain nuclei. An antifade reagent (Dako, Carpinteria, CA, USA) was then added to the slides containing the sections and a coverslip was sealed to the slide. The samples thus prepared were visualized with a confocal microscope (LSM 700; Zeiss, Ostalbkreis, Baden-Württemberg, Germany). Similar procedures were followed for 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate (DiI) staining of the PVS membranes.
Antibodies to the following markers were used for immunostaining: von Willebrand factor (vWF; Abcam, Cambridge, UK), CD31 (JC70A, Dako, Denmark), LYVE-1 (Abcam), D2-40 (Covance, Chicago, IL, USA), proliferating cell nuclear antigen (PCNA; Cell Signaling, Danvers, MA, USA), and CD133 (Novus, Littleton, CO, USA).
Results
The PVS was observed both on the fascia and inside the blood vessels of the UC. Fig. 1 shows a PV just outside the epithelium of a human UC. It was first stained with Trypan blue for visualization and was then isolated and examined using H&E staining. The thickness of the specimen was 16 mm, and had two sinuses with one endothelial nucleus at each inner boundary; these were consistent with previous data on other PVs from animals [4e7]. Fig. 2 shows three different methods to obtain the PVS present inside the blood vessels of a human UC; the first one was obtained using Trypan blue staining, the second one without any staining, and the third one with chromiumehematoxylin staining. In the first and second methods, three primo nodes (PNs) were clearly shown as a thick structure with a cucumber shape. As one can see in the second specimen, the PV had a milky transparent appearance, but the nodes look yellowish red as described in Kim's [1] original work. The thickness of the PV of the second specimen was approximately 13 mm, and the sizes of the three nodes were 23 mm Â 55 mm, 27 mm Â 68 mm, and 32 mm Â 136 mm (thinnest part Â thickest part of the PN), respectively. The third specimen showed how the PV was embedded in a blood clot and how it could be recognized. The DAPI staining distinctively revealed the nuclei of the endothelial cells in the PV because of their characteristic rod shape and dotted alignment.
Cross sections of two PNs connected by a PV are depicted in Fig. 3 . The DAPI staining showed a typical alignment of rod-shaped nuclei in the PV, but distinctively different shapes and distributions of the nuclei. There were several sinuses in the inner part of the PN. The dark brown color of the membranes of the inner boundaries of the lumens in the PN and the outer membranes of the PN and PV stained with DiI, a phospholipid staining dye, are seen in the figure. Fig. 3 proves that the specimens were not aggregations of blood but were integral tissues with membranes. The size of the larger PN was 290 mm Â 580 mm, which was larger than the ones in Fig. 2 .
The frequently asked question whether the PVS is different from the blood or lymph vessels must be answered, and one widely acknowledged method to answer this question is to compare the nature of endothelial cells using immunofluorescence staining. Fig. 4 shows the immunofluorescence staining results. The upper panels show that the PV had a positive expression to vWF, which is an endothelial marker, but a negative expression to CD31, which is the endothelial marker of a blood vessel. This proves that the PV has an endothelial character different from that of blood vessels, as shown in the middle panels used for the control data. The PV had negative expression to LYVE-1, the lymphatic endothelial cell marker. It was weakly positive to D2-40, another endothelial cell marker of the lymph vessels, but the control data of lymph vessels in the villi from the UC showed strong expression to D2-40. Therefore, these data prove that the PV has an expression different from lymph vessels with respect to LYVE-1 and D2-40. Immunofluorescence was performed as a preliminary step to test the hypothesis that the PVS would show a positive reaction against markers for cell proliferation or stem cells. Fig. 5 shows that the PVS had a positive expression to PCNA, a cell-proliferation marker, but a negative expression to CD133, a marker for hematopoietic stem cells and endothelial progenitor cells.
Discussion
Assuredly, the characteristics of the PVS inside the blood vessels of the UC were in good agreement with those of the PVSs already studied in other animals. First, the thickness of PVs in this study was very close to the thickness reported in mice (20 mm) [4] , rats (46 mm) [5, 6] , and rabbits (50 mm) [8] . In addition, the thickness of the PVs found in other organs was similar to those reported previously: those inside the lymph vessels of rats [16, 17] , on the organ surfaces of rabbits [18] , and in the brain ventricles of a rat [19] were 32 mm, 45 mm, and 23 mm, respectively. In this study, the PV thickness was 16 mm. These data strongly suggest the universality of the thickness of PVs in different organs and animals.
The shapes, the sizes, and the distribution of endothelial nuclei in PVs shared the same characteristics: rod-shaped nuclei (10e20 mm in length) were arranged in a broken-line fashion along the direction of the PV. The endothelial nuclei of the aforementioned cases [4, 6, 16, 17] all looked similar after staining of the nuclei.
The stain nerves and PVs were also stained by the fluorescent dye DiI [16] . Fig. 3 shows that the human PVs were well stained with DiI. This result along with the phospholipid staining dye showed that the PVS specimen was not an artifact formed by the aggregation of blood cells and fibrins, but rather an integral object with membrane boundaries. The inner boundaries of the lumens in the PN were also stained, meaning that the lumens were not torn surfaces, but inner laying membranes.
The endothelial cells of the PVS showed a negative expression to CD31. This proved that the PVs were different from blood vessels. More importantly, the LYVE-1 test result showed that the PVS was different from lymph vessels in mice [20] and in humans, as shown in Fig. 4 . Furthermore, the PVS was only weakly stained by D2-40, whereas the lymph vessels were strongly stained, providing additional difference between the PVs and lymph vessels [21] .
According to Kim [1] , the main function of the PVS is the generation or the regeneration of tissues. This was supported by the presence of embryonic-like stem cells in the PVS [22, 23] . In the current experiment, immunofluorescence staining was performed to test whether the human PVS showed a positive expression to PCNA and CD133. As shown in Fig. 5 , the PVS had a positive expression to PCNA, a known cell-proliferation marker, which is consistent with the expected function of the PVS. However, the negative expression of PVS to CD133, a marker for hematopoietic stem cells and endothelial progenitor cells, was different from expectation. Further and thorough research in this direction is thus needed.
The PVS has been difficult to observe in humans because the techniques used to detect the PVS in animals have been limited to live tissues; thus, such techniques cannot generally be applied in humans. The placenta is one of the rare cases in which live human tissues are available. Another plausible live tissue in humans is the cancer tissue. Because cancer-associated PVSs have been observed [24, 25] in mice and are possibly associated with metastasis [20] and cancer stem cells [26] , trying to find a cancerassociated human PVS, along the lines of the current work, would be worthwhile.
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